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CME: clathrin-mediated endocytosisːR\¸ĦǵKhXHgZ\ˑ 
CIE: clathrin-independent endocytosisːR\ʽ¸ĦǵKhXHgZ\ˑ 
EE: early endosomeːÓƗKh`|ˑ 
LE: late endosomeːŔƗKh`|ˑ 
LY: lysosomesː``|ˑ 
TGN: trans-Golgi networkːg\W[kdgRˑ 
RE: recycling endosomeːXHRSKh`|ˑ 
PM: plasma membraneːŎɸȿˑ 
ERC: endocytic recycling compartment 
MVBs: multivesicular bodiesːĠȺ²ˑ 
ILVs: intraluminal vesiclesːȽËȿķȺˑ 
EHDs: eps15 homology domain containing proteins 
Rab11-FIPs: Rab11-family interacting proteins 
Arf6: ADP-ribosylation factor 6 
SNX4: sorting nexin 4 
MICALL1: MICAL-like protein1 
Ub : ubiquitinːqPcˑ 
Eps15: epidermal growth factor receptor substrate 15 
ESCRT: endosomal sorting complex required for transport 
EGFR: Epidermal Growth Factor ReceptorːǶťʨČĥóİ²ˑ 
UBD: ubiquitin-binding domains 
EEA1: Early endosome antigen 1 
Hrs: hepatocyte growth factor regulated tyrosine kinase substrate 
v-SNARE: vesicular-soluble N-etylmaleimide sensitive fusion protein attachment 
protein receptor 
Snc1: SNAP receptor SNC1 
COPI: coat protein I 
WASH: Wiskott–Aldrich syndrome protein and SCAR homolog complex 
CF: Cystic fibrosisːĊȺŞȮȨǱˑ 
 
 
CFTR: Cystic Fibrosis Transmembrane conductance Regulator 
∆F508: delta F508 
ERQC: ER quality controlːķȺ²ĄɸȘǢƱƭˑ 
ERAD: ER associated degradationːķȺ²ʬʐÑɠˑ 
PMQC: plasma membrane quality controlːŎɸȿĄɸȘǢƱƭˑ 
CFBE: human CF bronchial epithelial cellːCFŠȷǧƞpgƻʖǶȢȺƦˑ 
RFFL: ring finger and FYVE like domain containing E3 ubiquitin protein ligase 
DN: dominant-negative 
BioID: Proximity dependent biotin identification  
WT: wild type 
GFP: green fluorescent protein 
PCC: Pearson Correlation Coefficient 
Lamp1: lysosomal associated membrane protein 1 
GM130: Golgi matrix protein 130 kD 
CI-M6PR: cation-independent mannose 6-phosphate receptorː zl\-6-ʠó
İ²ˑ 
TEM: Transmission Electron MicroscopeːʌʕēʻĥˆŚʧˑ 
SEM: Scanning Electron MicroscopeːɹƤēʻĥˆŚʧˑ 
MCC: Mander’s correlation coefficient 
TfR: transferrin receptorːg\sJóİ²ˑ 
NT: Non-transfected 
GPI: glycosylphosphatidylinositol 
NA: NeutrAvidin 
CID: chemical-induced protein dimerization assay 
MB: Myc-Biotin 
HB: histidine-biotin 
GST: glutathione-S-transferase 
LC-MS/MS : liquid chromatography coupled to tandem mass spectrometry 
KO: knockout 
KD: knockdown 
MYO1B: myosin IB  
MYO6: myosin VI 
MYO1E: myosin IE 
 
 
KIF5B: kinesin family member 5B 
KIF16B: kinesin family member 16B 
RNF34: ring finger protein 34 (known as CARP1: caspases‑8/10 associated RING 
proteins 1) 
XIAP: X-linked inhibitor of apoptosis 
SH3RF1: SH3 domain containing ring finger 1 (known as POSH: Plenty of SH3s) 
DTX3L: deltex E3 ubiquitin ligase 3L 
DUB: Deubiquitinating enzymesːȼqPcäʟȠˑ 
VCPIP1: valosin containing protein interacting protein 1 (kown as VCIP135) 
USP15: ubiquitin specific peptidase 15 
USP43: ubiquitin specific peptidase 43 
SQSTM1: sequestosome 1 
FBS: Fetal bovine serum 
DMEM: Dulbecco's modified Eagle's medium 
MEM: minimum essential medium 
PEI: Polyethylenimine  
PBS (-): Ca2+, Mg2+ free Phosphate Buffered Saline 
PBS: Phosphate Buffered Saline 
BSA: Bovine serum albumin 
BCAǀ: bicinchoninic acid assay 
SDS: Sodium dodecyl sulfate 
PAGE: polyacrylamide gel electrophoresis 
HRP: Horseradish peroxidase 
EDTA: ethylenediaminetetraacetic acid 
gRNA: guide RNA 
PCR: Polymerase Chain Reaction 
PMSF: phenylmethylsulfonyl fluoride 
Tris: tris(hydroxymethyl)aminomethane 
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acidˑ 
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ȕ1ȓ ȭɰ  
 
 KhXHgZ\0ȢȺğǛɸ/ȢȺË3/ò?ʆ8<˒ZSióİ²
-,/ȿaoRɸ/bIQZD¤) Ȣ˒Ⱥźǻ Ȣ˒Ⱥʓɹ˒
ȢȺƬŞ=2ZSi«ʗ-,˒ĠƮ-ȢȺu^\Dɯș˒ȢȺşŁŞ
/ȨŲ.Ŝ˂/őÜDƢ% 1, 2˓KhXHgZ\.0˒R\¸Ħǵ
KhXHgZ\ː clathrin-mediated endocytosis: CME +ˑR\ʽ¸Ħǵ
KhXHgZ\ːclathrin-independent endocytosis: CIEˑ/˖(/ǭ-@Ʈŉ
ĦĐ@˒KhXHgZ\A%ķȺ0˒#/Ʈŉ.C> ˒7
 ÓƗKh`|ːearly endosome: EEˑ3+ʔ1A@ 3ːFig. 1-ˑ˓ #/Ŕ˒
ķȺË/ȏɉ0˒EE>ŔƗKh`|ːlate endosomes: LEˑDȤ)``
|ːlysosomes: LYˑ3+ʃʊA@+``|ÑɠDó@ː``|
ÑɠȤɼˑː Fig. 1-ˑ3 ˓Ƌ E˒E>g\W[kdgRː trans-Golgi 
network: TGNˑ<XHRSKh`|ːrecycling endosome: REˑ3+ʃ
ʊA@+˒Ì2Ŏɸȿːplasma membrane: PMˑ3+Ũ?XHRSA
@ːXHRSȤɼˑː Fig. 1-	ˑ4,5˓XHRSȤɼ/ÕǗ0˒PM
>KhXHgZ\%ȏɉDÑɠ@+-Ì2 PM 3+ʃʊ@+
*˒ȏɉ/ÌøťD-*Ǐ9Ǘ.@˓EE> PM3+ȏɉDXHR
@Ȥɼ0˖(? E˒E>ǹź PM3+Ũ@Ȥɼː fast recycling pathwaysˑːFig. 
1-
ˑ+˒ƧʇÀ.ĹĐä@ ERCːendocytic recycling compartmentˑDȤǧ
) PM3+Ũ@Ȥɼːslow recycling pathwaysˑː Fig. 1-ˑǼ>A)@ 6˓  
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Figure 1. The endosome/lysosome pathway 
Endocytosed cargo is usually delivered to the EE that receives incoming material 
from primary vesicles generated by CME and CIE. 
Cargoes are delivered from the EE to the LE and LY for lysosomal degradation. 
	Cargoes are delivered from the EE to the TGN or to RE that brings the cargo back to 
the PM. 

Sorting of membrane proteins from EE leads to the entry of cargoes into fast 
recycling pathways. 
 Cargoes are trafficked via slow recycling pathway, which involves traffic through a 
juxtanuclear endocytic recycling compartment (ERC) and then via the RE before 
return to the PM. 
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 Slow recycling pathway.) E˒RC0 EEťǚä.¬')ctǝ/ȿ
­ʨŎťA˒#/ƶ? LE=2ĠȺ²ːmultivesicular bodies: MVBsˑ3
+ȋɒ)ː Fig. 2ˑ2 E˓E > LE 3/Kh`|ťǚä0 small GTPase
*@ Rab5> Rab73/ĞäːRab5-Rab7 switchˑ+Kh`|/ʠŞä.
=?ɺ?˒/Kh`|ťǚä+Ê.ȏɉaoRɸ0 EE> LY3ʃ
ʊA@ːFig. 2ˑ3˓Kh`|ťǚä.=?˒EE/ȿ.ĹĐä@ȿa
oRɸ EEË3+ËȽäA˒ȽËȿķȺːintraluminal vesicles: ILVsˑŎ
ťA˒MVBsǤťA@ːFig. 2ˑ3˓Small GTPase*@ Rab11 0 ERC/
zN*? 7˒Rab5 ʲŞ/ EE > Rab11 ʲŞ/ ERC 3/ȋɒːťǚäˑ
0əʸ* A˒TPasesE{aoRɸ*@ eps15 homology domain containing 
proteinsː EHDsˑ˒ Rab11KsJRaČĥ*@ Rab11-family interacting proteins
ːRab11-FIPsˑ˒ °Ñĥʤ GaoRɸ*@ ADP-ribosylation factor 6ːArf6ˑ˒
Sorting NexinsE{aoRɸ*@ Sorting Nexin 4ːSNX4ˑ˒ ~aa
oRɸ*@ Dynein˒RabsE{°ÑĥʤaoRɸ Rab10˒Rab22A.
=')ÖŘA)@ːFig. 2ˑ2,8˓7%˒ERC> PM3/ʃʊ0˒Arf6¸Ħ
ǵ.ŎťA%ctǝ/RE 2<EHD1¸Ħǵ.ŎťA%ctǝ/RE 
8-,əƇ/ȤɼĦĐ@ːFig. 2ˑ˓ >.˒slow recycling pathway .@
RE/ʃʊ0˒RE.ĹĐä@ Rab11+~aaoRɸD Rab11-FIPsĤ
¤@+*ÖŘ)@ːFig. 2ˑ9. MICAL-like protein1ːMICALL1ˑ¸Ħǵ
. RE.ĹĐä% EHD1;7% Rab11-FIP2+Ǻ´ǥ@+>˒ REƱ
Ȼ0 MICALL1˒EHDs˒Rab11-FIPs /éɯǵ-Á.=')ÖŘA)@+
ȶ>A)@ːFig. 2ˑ8˓ 
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Figure 2.  Molecular mechanisms of the endosome/lysosome pathway 
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 qPcːUbiquitin: Ubˑ0ȏɉ/KhXHgZ\˒Kh`|ʚÔ
ƱƭDÖŘ@ʢɛ-Čĥ*@ 10-12˓ȏɉ/ Ub ä0 Epsin =2 Epidermal 
growth factor receptor substrate 15ːEps15ˑ.=@KhXHgZ\ 10 <
endosomal sorting complex required for transportːESCRTˑəø².=@MVBs3
/ËȽäDɬĶ@ːFig. 3-ˑ13-15˓>.˒Kh`|ʃʊ;7%Kh
`|ʬʐČĥ/ Ub ä.=?ÖŘA)@˓·1˒Eps15 / Mono-Ub ä
0 Epidermal Growth Factor ReceptorːEGFRˑ/ȢȺËȋɒ<``|ʃʊD
ÖŘ)? 16,17˒Eps15.ȥø% Mono-Ub+ɂɾ/ UBDːubiquitin-binding 
domainsˑȥø@+* Auto-inhibitionē+-? Eps15-UBD+ UbäDó
%ȏɉ+/ȥøʮĮDŊɺ-, 18Kh`|ťǚä.Ŝ˂*@ 17˓
7%˒EE/ɐø<Kh`|ťǚä.)eYSČĥ+)ƱȻ@
Early endosome antigen 1ːEEA1ˑ/Mono-Ubä;#/ƱȻ.Ŝ˂*@ 19˓
>.˒ESCRTaoRɸ*@ Hrs (Hepatocyte growth factor regulated tyrosine 
kinase substrate)  MVBs3ȏɉDËȽä@ʴ˒#/ƱȻ0 Ubä.=')ɬ
ĶA@ 18 20˓A7* Ub0 EE> LY3/Kh`|ťǚäƱƭ.ʬ
@+ƇĠėÿA)%˓ʇń˒ʟƸ/ v-SNARE 
(vesicular-soluble N-etylmaleimide sensitive fusion protein attachment protein receptor) 
*@ Snc1 (SNAP receptor SNC1) / Ubä˒W[²Āʅ.ĦĐ@ķȺ/
ɔɜaoRɸ COPI (coat protein I) +/ȥøDÖŘ@+'%ėÿ< 21˒EE
>W[²3/ʋɒŞʃʊȤɼ/˕(*@gz¸ĦǵʃʊȤɼ.
)˒Kh`|.ĹĐä@ F-actin /ʢøƧŎťDÖŘ@ WASH 
(Wiskott–Aldrich syndrome protein and SCAR homolog complex) /ƭʏĞä K63
ē Ubʦ.=')ÖŘA)@+'%ėÿ-AːFig. 3-ˑ22,23˒Ub/
ȏɉXHRSZSi+)/ƱȻȃA%˓˒Rab11-effector
.=@ ERC D¤%XHRSƱȻÖŘƱƭ.@˒Ub /ʬ0É
Ǽ>A)-˓ 
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Figure 3. Role of Ub in endosomal sorting 
Ubiquitination of cargo stimulates the lysosomal degradation by ESCRT complex. 
Reversible poly-ubiquitination of WASH, an actin-nucleating protein essential for 
recycling, promotes endosomal protein recycling. 
 
Figure 4. Degradation mechanism of ∆F508-CFTR 
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 ĊȺŞȮȨǱːCF˘Cystic fibrosisˑ0ǴɈ¡ȍʫ*Ɣ;˄ņˍŁƣɈ²
àŞʛ«ŞǯŠ*@ 24,25 Ǳ˓ǝ+)ĂþĉţƣǱǉäĉʩę.Ŵ>
A˒#/ƿǲǀ+)0ŬǤǛɸƻȘƂŰŌɍ-,/ĳǱǲǀ0@˒ˍ
ūʤŜɛ*?˒ȬɀɊ-,/ĠÚȸŞć˅+-')@%:˒ƨƚƿ
ǲɍ/ʪǳƖ7A)@ 26,27 ƚ˓ǯŠ/íČ0 Ȣ˒Ⱥ/Ŏɸȿ*ĚȠHMc
k+)Á CFTRːCystic Fibrosis Transmembrane conductance Regulatorˑ
/ƱȻǭŁ*@+Ǽ>A)@ 28˓ʍŁ C˒FTR0ķȺ²*sLfG
SAŎɸȿ3+ʔ1A˒#/ƱȻDǳż@ 29˓˒CFŠȷ.)
0 CFTRʛ«ĥĞǭː 90%§0∆F508Ğǭ .ˑ=@ƭʏǭŁ>ķȺ²Ąɸ
ȘǢƱƭːERQC: ER quality controlˑ.=?˒ÑɠZSi*@ UbäDó, 
ueF`|D¤%ķȺ²ʬʐÑɠːERAD : ER associated degradationˑ.
ʊ>A@ː Fig. 4-ˑ30. #/%: CFTRȢȺŎɸȿ.ǳǡ! ǳǰ.Ƀ@˓
7%˒ʇń CF/ƿǲɍ+)ʪǳA)@ CFTRVRa0˒ʜÑǵ.
∆F508-CFTRĞǭ²/ȢȺȿ/ǳǡʤDƃĈ@ːFig. 4-ˑ31˒VRa
.=@Ŏɸȿ.ʊ>A%∆F508-CFTR0ŎɸȿĄɸȘǢƱƭːPMQC: plasma 
membrane quality controlˑ.=? UbäDó˒ʎ<.``|ÑɠA@
%:ː Fig. 4-	ˑ˒ ƿǲâƢ0ŋ ç˒Ñ-ɁŅâƢ0ŗ>A)- 32 7˓%˒
∆F508-CFTRĞǭ²/ȢȺȿ>/ÑɠƱƭ0Ƙ&Ƒ-ʜÑĠ ƕ˒â-
CFɍǛǲǀʪǳ/ġ-ʵĜ+-')@ːFig. 4-
ˑ33˓#*ÄɒǾȐ.
) Ċ˒ȺŞȮȨǱ/Ɗɞƿǲǀ/ʪǳDȐƬ/Ǹǵ+ ∆˒F508-CFTRĞǭ²
/ PMQC.=@ÑɠƱƭ/ɠƑːFig. 4-ˑ=2ƊɞƿǲɍaUdg/Ź
ȡɒCA%ːFig. 4-ˑ34˓Ŏɸȿ*/∆F508-CFTRĞǭ²/ÑɠDʮĮ
@ƊɍDʪǳ*A1 C˒FTRVRa+/ɍǛµǥǲǀ.=@ƿǲôȻ*
@ 34. #/%:, 7 Ó:. P˒MQC.@UbäƱƭ/ÉɴɠƑDǸų˒
CFŠȷǧƞpgƻʖǶȢȺƦːCFBE: human CF bronchial epithelial cell lineˑ
Dǥ% siRNAȩȲǵ\RjSːE3 ligase: 636ȍˇˑɒCA% 34˓#
/ȥƢ ∆˒F508-CFTRĞǭ²/ŎɸȿǳǡDŪÖ@Kh`|ĹĐqPc
O_ RFFL (ring finger and FYVE like domain containing E3 ubiquitin protein 
ligase) ùīA% 34˓#*˒RFFL/ƱȻɠƑɒCA˒RFFL0Ŏɸȿ<
Kh`|.ĹĐ@∆F508-CFTRĞǭ²DʚŮǵ. Ubä@+Ƒ>
+-?˒ƍĦɍ+/Ǻ´ǥDƗœ*@ PMQCDƯǵ+% CFɍǛƿǲǀ
/ʪǳ.ɵǟ@ǼɝDŗ% 34˓ 
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 #* ƚ˒ǾȐ*0Kh`|.@ RFFL/>-@ƱȻɠơDǸǵ+
˒ȍ/ƪɣDɒ'%˓7 ˒ȕ 2ȓ*0 RFFL/ĹĐäh}Hï2 RING
ːUbǄŞ hˑ}H.ĞǭDĶÈĹĐɠơDɒ'% #˓/ȥƢ R˒FFL Ub ligase
ǄŞäĞǭ²*@ dominant-negativeːDNˑĞǭ²0˒Kh`|ŎŤǭ
ŁDŊɺ%˓#*˒ȕ 3ȓ*0 RFFL DNĞǭ²Kh`|ƱȻ.
=6Őˀ/ƪɣDɒ'%˓7%˒ȕ 4ȓ*0 Proximity dependent biotin 
identification ːBioIDˑǀDǥ% RFFLȥøČĥȩȲǵɠơDɒ˒R\a
ä ERCŎť/Ñĥ}Nj]|ɠƑDɨ8%˓ƔŔ.˒ȕ 5ȓ*0ùī%
RFFLȥøČĥ/ RFFL.=@ UbÖŘƱƭ.()ƪɣDɒ'%˓ 
 
 §˒÷ȓ*ŗ>A%ǼɝDɪʉ@˓ 
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ȕ2ȓ RFFLĞǭ²Dǥ%ƱȻɠơ  
 
ȕ1ș ƚȓ/Ǹǵ 
 
 RFFL 0 PM =2Kh`|.ĹĐ˒ƭʏǭŁȿaoRɸ*@
∆F508-CFTRD Ubä@+*˒``|ÑɠȤɼ3/ʃʊDºʑ@ 34˓ 
#* R˒FFL/ĹĐäh}Hï2 UbǄŞäh}H/Ğǭ²Dǥ R˒FFL
/>-@ƱȻɠơDɒ'%˓ 
 
ȕ2ș RFFLȢȺËĹĐɠơ 
 
 RFFL 0 NƙȔ.o{gHäXHgːC5, C6, C10ˑD¤)Kh`
|.ĹĐ˒CƙȔ/ RINGh}H.=? UbäDɒ')@ːFig. 5Aˑ34˓
#* G˒FP (green fluorescent protein) tag ɐø RFFL÷ȍĞǭ²ǳǡu\{h
DƭȚ˒HeLaȢȺ.ysJRZǀ.=?ʕŞ.ǳǡ!˒#/ȢȺ
ËĹĐDÊǙǗYˆŚʧ.=?ɠơ% R˓FFL-WT (wild type) -GFP0K
h`|.ĹĐä%/.ĳ)˒ĹĐä.Ŝ˂- N ƙȔDƲž%Ğǭ²
ː∆2-88, ∆2-10ˑ0ȢȺɸ.ĹĐä%ːFig. 5Bˑ˓ Ƌ˒RING h}HƲž
ː∆RINGˑ0ĹĐ.Őˀ-'%ːFig. 5Bˑ˓ Ʌāǋ+.˒RINGh}H
/ǄŞś.ǗĞǭDĶÈ% RFFL-DN Ğǭ²ːH333A, 2CAˑ0ĹĐ
ȗũ.ʷȏ@+C'%ːFig. 5Bˑ˓ #*˒RFFL-DNĞǭ²/ NƙȔ
ƲžĞǭ²ːC5610A-2CA, ∆2-88-2CA, ∆2-10-2CAˑ/ĹĐDɠơ@+ȗũ
.ʷȏ@+-ȢȺɸ.ĹĐä%ːFig. 5Bˑ˓ Ŗ')˒RFFL0Kh`
|) UbǄŞDƲĢ@+ K˒h`|ŎŤǭŁDŊɺ+ȶ
>A%˓ 
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Figure 5. RFFL catalytic inactive mutants induce condensed endosomes. 
(A) Predicted function of RFFL domains. (B) Fluorescence micrographs of HeLa F508-CFTR-3HA 
cells expressing RFFL-GFP variants.  
 
 
 
 
 
 
 
RFFL-WT ∆NT (2-88) ∆RING (313-363)
H333A 2CA (C316A,C319A) ∆2-10-2CA C5610A-2CA∆NT (2-88) -2CA
∆NT (2-10)
B
FYVE-like RING 363 aaRFFL
44 92 356312
5
MWATCCNWFC
6 10
 Palmitoylation site
319316 333
RING-domain point mutation siteA
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ȕ3ȓ RFFL-DNĞǭ²Kh`|ƱȻ.ï6Őˀ  
 
ȕ1ș ƚȓ/Ǹǵ 
 
 ȕ 2ȓ.)˒RFFL DNĞǭ²0˒Kh`|ŎŤǭŁDŊɺ
+Dǳɝ%˓Ŗ')˒RFFL0 UbǄŞ¸Ħǵ.Kh`|ƱȻÖŘDɒ'
)@+ȶ>A% #˓* RFFL DNĞǭ².=')ŎťA@Kh`|
ŎŤǭŁ˒,/Kh`|åǪ*ŊɺA@/˒Kh`|ƱȻ
*@ȏɉʃʊ3ŐˀDï6/ƪɣ%˓  
 
ȕ2ș RFFL-DNĞǭ²Kh`|.=6Őˀ 
 
ȕ1ˁ RFFL-DNĞǭ²ȢȺËĹĐɠơ 
 
 RFFL-DN Ğǭ²,/Kh`|åǪ.ŐˀDï6Dƪɣ@%:˒
ɏÅaoRɸɐøMOkzND co-transfection ˒ÊǙǗY
ˆŚʧDǥ)ÊĹĐɠơDɒ'%. PCC (Pearson Correlation Coefficient) ɠơ
ï2 HyVolutionː Leicaˑ.=@ɻɠÂH}[SDǥ% Line scanɠơ.=
? RFFL-WT0 EEzN*@ Rab5ːPCC: 0.438ˑ< EEA1ːPCC: 0.304ˑ˒
LEzN*@ Rab7ːPCC: 0.467ˑ< Lamp1 (lysosomal associated membrane 
protein 1)ːPCC: 0.442ˑ+ʜÑǵ.ÊĹĐ@+C'%ːFig. 6A and Bˑ˓
7% R˒EzN*@Rab11ː PCC: 0.813 +ˑ0ġʜÑÊĹĐ%ː Fig. 6Aˑ˓
Ƌ˒RFFL-DNĞǭ²0 Rab5ːPCC: 0.568ˑ˒ EEA1ːPCC: 0.758ˑ˒ Rab7ːPCC: 
0.661ˑ˒ Lamp1ːPCC: 0.457ˑ˒ Rab11ːPCC: 0.946ˑ˒ trans-GolgizN*@
TGN46ːPCC: 0.567ˑDƧʇÀ3+ʷȏ!%ːFig. 6A and Bˑ˓ ERzN*
@ Sec61ː PCC: -0.228 <ˑ L˒E> TGN3ʃʊA@zl\-6-ʠó
İ²ːCI-M6PR: cation-independent mannose 6-phosphate receptorˑː PCC: 0.156ˑ˒
cis-GolgizN*@ GM130 (Golgi matrix protein 130 kD) ːPCC: -0.104ˑ.
0ŐˀD=6-'%ːFig. 6Bˑ˓ HyVolutionːLeicaˑ.=@ɻɠÂH}
[SDǥ% Line scanɠơ.=?ɪȢ.ɠơ%ȥƢ˒RFFL-DNĞǭ²0˒
Rab5˒EEA1˒Rab7˒Lamp1˒TGN46+0ʜÑǵ.ÊĹĐ)?˒Rab11+0
56ĪÉ.ÊĹĐ%ːFig. 6A and Bˑ˓ 7%˒ÆǮɏÅƣɈǀDǥ)ËĐŞ
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/ Lamp1ːPCC: -0.063ˑ+/ÊĹĐDɟĲ%+B˒RFFL-DNĞǭ².=@
Kh`|ŎŤǭŁ/Ā?.R\aSä%ːFig. 6Bˑ˓ §/+
>˒Kh`|ŎŤǭŁ0 LY.Ď7A% RE*?˒RFFL/ UbǄŞ RE
ƱȻDÖŘ)@ôȻŞȃĆA%˓ 
 
 
Figure 6. RFFL catalytic inactive mutants are localized to recycling endosomes. 
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Figure 6. RFFL catalytic inactive mutants are localized to recycling endosomes. 
(A) Cellular localization of RFFL-GFP and RFFL-H333A-GFP in HeLa-F508 CFTR-3HA cells was 
analyzed with the co-transfected organelle markers indicated. Circled regions were further deconvoluted 
(HyVolution). Boxed regions are enlarged (Zoom). Line scans show profiles of fluorescence intensity 
against line distance. Bars, 10  m. The nucleus was stained by DAPI. Colocalization of RFFL variants 
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and organelle markers was measured by Pearson’s correlation coefficient (PCC). (B) Cellular localization 
of RFFL-GFP and RFFL-H333A-GFP in HeLa F508-CFTR-3HA cells was analyzed with organelle 
markers indicated. Circled regions were further deconvoluted (HyVolution). Boxed regions are enlarged 
(Zoom). Line scans show profiles of fluorescence intensity against line distance. Bars, 10  m. The 
nucleus was stained by DAPI. Colocalization of RFFL variants and organelle markers was measured by 
PCC. 
 
ȕ2ˁ RFFL-DNĞǭ²Kh`|ŎŤ.=6Őˀ 
 
 HyVolutionɠơ.=') RFFL-DNĞǭ².=')ŎťA% REǭŁƭʏ²
ctǝ/MOk*@+ȃĆA%ːFig. 7Aˑ˓ #*˒>-
@ŚȢƭʏDɯ4@%:.˒ʌʕēʻĥˆŚʧːTEM: Transmission Electron 
MicroscopeˑDǥ REǭŁƭʏ²DɟĲ%˓RFFL-H333ADʕÛǳǡ%Ȣ
Ⱥ.) Ƨ˒ʇÀ.ctǝ/ķȺ/ʷȏɟĲA%ː Fig. 7B-Eˑ˓7%˒
#/ʷȏ%ctǝķȺ/Ā?.0˒ʻ ĥıņ/ˍ LYĹĐä)?˒
Lamp1/ÆǮɏÅƣɈǀ+ùƮ/ȥƢŗ>A%ːFig. 7B-E, Fig. 6Bˑ˓ c
tǝķȺ/ǹŒ070 nm*? ˒XHRSKh`|/Ɇǵ-ǹŒ
ː5070 nm +ˑøɄ)% 35 Ŗ˓') R˒FFL-DNĞǭ².=')ŎťA@
Kh`|ŎŤǭŁ0R\aä% ERC *@+ȶ@˓7%˒
HyVolutionɠơ+ùƮ.R\aä% ERC. 100300 nm/ EE35 ǌĐ
@+;ɟĲA%ːFig. 7E, arrowˑ. 
 
 >.ɹƤēʻĥˆŚʧːSEM: Scanning Electron Microscopeˑ.=')R
\aä% ERC/ƳÃɻŚȢƭʏDɟĲ% T˓EM+ùƮ. c˒tǝ
ķȺ/R\aäƧʇÀ*ȀɫA˒#/Ā?.0 LY ;ĹĐä)%
ːFig. 7F-Hˑ˓ SEM.=@ɠơ.=')˒/ƭʏ²0˒ʐȧ%ctǝ*
ȩǝ/MOk*0-˒ctǝ/ķȺR\aä)@+
C'%ːFig. 7G and Hˑ˓  
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Figure 7. Ultrastructure of RFFL-H333A induced condensed recycling endosomes. 
(A) Super-resolution confocal micrograph (HyVolution) of the condensed tubular structures induced by 
RFFL-H333A-GFP in HeLa F508-CFTR-3HA cells. Circled regions were further deconvoluted 
(HyVolution). Boxed regions are enlarged (Zoom). Bars, 10  m. (B-E) Transmission electron microscopy 
of HeLa F508-CFTR-3HA cells transfected with RFFL-H333A-GFP. Higher magnification views of 
the section are shown (C-E). Arrow and arrowhead show EE and the clustered ERC, respectively. N, 
nucleus. Bars, 10 m (B), 2 m (C), 1 m (D, E). (F-H) Scanning electron microscopy of HeLa 
F508-CFTR-3HA cells transfected with RFFL-H333A-GFP. Clusters of ERC (blue, arrowhead) are 
observed around the nucleus (red). Lysosomes (yellow) are located around the clustered ERC in the 
cytoplasm (purple). Higher magnification views of the section are shown (G-H). Bars, 1 m. 
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)%/.ĳ)˒Rab110ɠʹA Rab5+56ÊĹ
Đ@+Ƒ>+-'%ːFig. 8A and Bˑ˓ Ŗ')˒RFFL-DNĞǭ²0 LE
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Figure 8. RFFL-H333A inhibits segregation of EE and RE. 
(A) Cellular localization of mTagBFP2-Rab5 and mRFP-Rab7 or DsRed-Rab11 in HeLa-F508 
CFTR-3HA cells transfected with RFFL-GFP variants or empty vector (mock). Circled regions were 
further deconvoluted (HyVolution). Boxed regions are enlarged (Zoom). Bars, 10  m. (B) Mander’s 
correlation coefficient (MCC) values quantify the mRFP-Rab7 or DsRed-Rab11 overlapped with 
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each condition). n.s., not significant, ∗∗p < 0.01. 
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued).. 
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued). 
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued). 
 
A568-EGFRFFL-GFP
200 ng/ml A568-EGF for 15 min 200 ng/ml A568-EGF for 60 min 
αLamp1
RFFL-GFP 
A568-EGF
A568-EGF 
αamp1
A568-EGFRFFL-GFP αLamp1
RFFL-GFP 
A568-EGF
A568-EGF 
αamp1












K L
0 
0.2 
0.4 
0.6 
15 min 60 min 
P
C
C
 (E
G
F 
&
 L
am
p1
)
(19) (24) (29)(50)(56) (22)
A568-EGF αLamp1H333A-GFP
H333A-GFP 
A568-EGF
A568-EGF 
αamp1
A568-EGF αLamp1H333A-GFP
H333A-GFP 
A568-EGF
A568-EGF 
αLamp1
200 ng/ml A568-EGF for 15 min 200 ng/ml A568-EGF for 60 min 
 
 
NT
WT
H333ARFFL- 
GFP 
H333A- 
GFP 
J
0 
0.2 
0.4 
0.6 
15 min 60 min 
P
C
C
 (E
G
F 
&
 E
E
A
1)

(53) (59)(25) (27)(24) (22)
I
A568-EGF αEEA1333A-GFP
H333A-GFP 
A568-EGF
A568-EGF 
αEEA1
A568-EGF αEEA1H333A-GFP
H333A-GFP 
A568-EGF
A568-EGF 
αEEA1
200 ng/ml A568-EGF for 15 min 200 ng/ml A568-EGF for 60 min




 
A568-EGF
200 ng/ml A568-EGF for 15 min 200 ng/ml A568-EGF for 60 min
RFFL-GFP
RFFL-GFP 
A568-EGF
αEEA1
A568-EGF 
αEEA1
A568-EGFRFFL-GFP
RFFL-GFP 
A568-EGF
αEEA1
A568-EGF 
αEEA1
 
 
NT
WT
H333ARFFL- 
GFP 
H333A- 
GFP 
  
 
25 
Figure 9. RFFL-H333A inhibits cargo recycling from the ERC. 
(A, B) Time-lapse images of internalized TfR labeled with Alexa Fluor-647 conjugated Tf (A647-Tf) in 
Hela-F508 CFTR-3HA cells non-transfected (NT) or transfected with GFP-fused RFFL variants. Cells 
were loaded with A647-Tf for 2.5 hours at 37°C (T-0 h) and chased 1 hour at 37°C (T-1 h) to monitor the 
TfR recycling. Images of same cells at T-0 h and T-1 h were shown in A. Broken lines indicate contour of 
cell and nucleus. The intracellular A647-Tf intensity was quantified at the indicated time points (B). (C, 
D) Indirect immunostaining of WT-CFTR-3HA (C) and CD59-Flag (D) in HeLa cells transfected with 
GFP fused RFFL variants. Internalized WT-CFTR-3HA was labeled with anti-HA antibody for 2.5 hours 
at 37°C and cell surface CD59-Flag was labeled with anti-Flag antibody for 1 hour at 4°C. Immediately 
after the labeling (0 h) or after 4 hours chase at 37°C (4 h), cells were fixed and immunostained with 
secondary antibody. Asterisks and arrowheads indicate the NT cells and the condensed ERC, respectively. 
(E) Indirect immunostaining of rescued ∆F508-CFTR-3HA (r∆F508) in HeLa-∆F508-CFTR-3HA cells 
transfected with RFFL-GFP or RFFL-H333A-GFP. Internalized r∆F508-CFTR-3HA was labeled with 
anti-HA antibodies for 2.5 h at 37°C (T-0 h) and chased for 4 hours. Asterisks and arrowheads indicate 
the NT cells and the condensed ERC, respectively. (F, G) Lysosomal delivery of TRITC-Dextran loaded 
at 37°C for 1 hour and chased for 3 hours in HeLa cells transfected with GFP-fused RFFL variants.. 
Lamp1 was used as a lysosome marker. Colocalization of TRITC-Dextran with Lamp1 was quantified by 
calculating PCC (G). (H) Indirect immunostaining of EGFR in HeLa cells after EGF treatment at the 
indicated concentration for 1 hour. Line scans show profiles of fluorescence intensity against line distance. 
Colocalization of RFFL variants and EGFR was measured by PCC. Asterisks and arrowheads indicate the 
NT cells and the condensed ERC, respectively. (I, K) EGFR endocytic trafficking in HeLa cells 
transfected with RFFL-GFP or RFFL-H333A-GFP was monitored by Alexa Fluor-568 conjugated EGF 
(A568-EGF) loading for 15 min (left) or 60 min (right) with EEA1 (I) or Lamp1 (K) immunostaining. 
Asterisks and arrowheads indicate the NT cells and the condensed ERC, respectively. (J, L) 
Colocalization of A568-EGF with EEA1 (J) or Lamp1 (L) in HeLa cells transfected with RFFL-GFP 
variants was quantified by PCC. The number of cells from at least two independent experiments is 
indicated in parentheses. Data represent means ± SE. Bars, 10  m.  
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Figure 10. RFFL interactome analysis by BioID (-continued). 
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Figure 10. RFFL interactome analysis by BioID. 
(A) Fluorescence micrographs of CFBE cells stably expressing RFFL-BirA*-HA or 
RFFL-H333A-BirA*-HA with or without 50  M biotin treatment. The RFFL variants and proximal 
biotinylated proteins were stained with anti-HA antibody and streptavidin-Alexa Fluor 568 (SA-A568). 
The non-transfected CFBE cells (NT) were used as a negative control. Bars, 50  m. (B) Western blotting 
confirmed the proximal biotinylated proteins and expression of RFFL-BirA*-HA or 
RFFL-H333A-BirA*-HA. Biotinylated proteins were detected with NeutrAvidin (NA)-HRP. (C) 
SDS-PAGE analysis of the BioID pull-down using the CFBE cells stably expressing RFFL-BirA*-HA or 
RFFL-H333A-BirA*-HA after 50  M biotin treatment. (D) Comparison of the 30 RE-associated proteins 
identified with high confidence in RFFL-BirA* BioID. Heat maps represent total spectral counts of 
individual proteins per condition. (E, F) Comparison of the 7 motor proteins (E), 6 Ub ligase and 3 DUB 
(F) identified with high confidence in RFFL-BirA* BioID. The non-transfected (NT) CFBE cells were 
used for as a negative control. Heat maps represent total spectral counts of individual proteins per 
condition. 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 
ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 
ERC (-continued). 
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Figure. 11. Prolonged RFFL association with Rab11 effectors induces the clustered 
ERC (-continued). 
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Figure. 11. Prolonged RFFL association with Rab11 effectors induces the clustered 
ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 
ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 
ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 
ERC. 
(A) Cellular localization of the transfected GFP-fused Rab11 effectors in HeLa-F508 CFTR-3HA cells 
was analyzed with the co-transfected RFFL-mCherry or RFFL-H333A-mCherry. Circled regions were 
further deconvoluted (HyVolution). Boxed regions are enlarged (Zoom). Line scans show profiles of 
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fluorescence intensity against line distance. Colocalization of RFFL variants and Rab11 effectors was 
measured by PCC. (B, C) Interaction of Myc-Biotin (MB) tagged Rab11 effectors with RFFL-V5 or 
RFFL-H333A-V5 is shown by NA pull-down in 293MSR cells. (D-H) Interaction of histidine-biotin 
(HB) tagged RFFL or RFFL-H333A with GFP-Rab11 effectors is shown by NA pull-down in 293MSR 
cells. (I) Cellular localization of endogenous Rab11 effectors was analyzed by immunostaining with the 
indicated antibodies in HeLa- F508 CFTR-3HA cells transfected with RFFL-H333A-GFP. (J) 
Fluorescence imaging of the clustered ERC formation after forced RFFL-FKBP-mCherry association 
with Rab11 effectors-FRB-GFP in HeLa-F508 CFTR-3HA cells with or without 500 nM rapamycin 
(+Rap) treatment for 5 min followed by 16 hours chase after rapamycin washout. Broken lines indicate 
contour of cell and nucleus. (K) Negative control experiments of CID technique in HeLa-F508 
CFTR-3HA cells transfected with Rab11 effectors-FRB-GFP and CFP-FKBP with or without 500 nM 
rapamycin (+Rap) treatment for 5 min followed by 16 hours chase after rapamycin washout. (L) 
Internalized WT-CFTR was accumulated in the clustered ERC induced by the CID in HeLa-CFTR-3HA 
cells expressing EHD1-FRB-GFP, GFP-FRB-MICALL1, Rab11-FIP1C-FRB-GFP, 
GFP-FRB-Rab11-FIP2 or Rab11-FIP5-FRB-GFP and RFFL-FKBP-mCherry with rapamycin treatment. 
Internalized WT-CFTR was labeled with anti-HA antibody as Fig. 9C. Bars, 10  m. 
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Figure 12. RFFL-H333A inhibits ubiquitination of Rab11 effectors. 
(A, B) Ubiquitination level of MB-EHD1, MB-MICALL1, MB-Rab11-FIP1C, MB-Rab11-FIP2 and 
MB-Rab11-FIP5 in 293MSR cells transfected with HA-Ub and RFFL-H333A-V5 was measured by NA 
pull-down (A). Ubiquitination level of Rab11 effector proteins were quantified. At least 4 independent 
experiments were performed for quantification. Sample number was indicated in parentheses. Data 
represent means ± SE. *P<0.05, ***P<0.001 (B). (C-F) Ubiquitination level of MB-MICALL1 (C), 
MB-EHD1 (D), MB-Rab11-FIP1C (E) or MB-Rab11-FIP2 (F) in 293MSR cells transfected with HA-Ub 
or HA-Ub-K0 and RFFL-V5 or RFFL-H333A-V5 was measured by NA pull-down. (G) Ubiquitination 
sites of MB-MICALL1, MB-EHD1, MB-Rab11-FIP1C, and MB-Rab11-FIP2 in 293MSR cells 
transfected with HA-Ub were analyzed by LC-MS/MS. Three, five, ten and five ubiquitination sites were 
identified in the MICALL1, EHD1, Rab11-FIP1C, and Rab11-FIP2 respectively. 
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Figure 13. RFFL regulates ubiquitination of the Rab11 effectors in cell 
(-continued). 
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Figure 13. RFFL regulates ubiquitination of the Rab11 effectors in cell. 
(A) Western blotting confirms the RFFL KO in 293MSR cells. (B) PCR analysis confirmed the RFFL 
KO. Schematic of the RFFL gene with the sgRNA-targeted sites, the start codon (ATG), and the PCR 
primers for genotyping are indicated. (C) RFFL KO in 293MSR cells was confirmed by DNA sequencing 
of the genomic locus. The guide sequences, PAM sequences, and the RFFL start codon are indicated. (D) 
Ubiquitination level of MB-Rab11-FIP1C in 293MSR (WT) and RFFL KO cells transfected with HA-Ub 
and RFFL-V5 or RFFL-H333A-V5 was measured by NA pull-down. (E) Ubiquitination level of the 
Rab11 effector proteins was quantified. At least 3 independent experiments were performed for 
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quantification. Sample number was indicated in parentheses. Data represent means ± SE. *P<0.05. (F-H) 
Ubiquitination level of MB-MICALL1 (F), MB-EHD1 (G), and MB-Rab11-FIP2 (H) were measured as 
in panel D. (I) TfR recycling was measured in 293MSR (WT) and RFFL KO cells as the disappearance of 
internalized Biotin-Tf after 4 hours chase. (J) Fluorescent micrograph of internalized TfR in 293MSR 
(WT) or RFFL KO cells transfected with RFFL-H333A-GFP. TfR were labeled with A647-Tf for 2.5 
hours at 37°C (T-0 h) and further chased for 2 hours (T-2 h). 
 
ȕ3ș In vitro.@ RFFL.=@ Rab11-effector/ Ubä/ƪɦ 
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/˒mono-Ubä0ǉĢ-'%ːFig. 14F lane 5ˑ˓ /MICALL1/ RFFLʽ
¸Ħǵ mono-Ub ä0˒ąˇȢȺ>/ȝɘʕȌ.)˒MICALL1 +ȥø
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Figure 14. RFFL regulates ubiquitination of the Rab11 effectors in vitro. 
(A) Recombinant GST-EHD1 or GST-Rab11-FIP1C was affinity purified and analyzed by SDS-PAGE 
with Coomassie Brilliant Blue (CBB) staining. Arrowheads indicate the full-length proteins. (B, C) In 
vitro ubiquitination of GST-EHD1 (B), GST-Rab11-FIP1C (C) by RFFL was measured by Western 
blotting after elution from the affinity beads. After the ubiquitination, total sample (B) or supernatant (C) 
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including E1, E2, RFFL, and Ub was analyzed for auto-ubiquitination to confirm their activity. (D) 
Schematic diagram of in vitro ubiquitination assay of MB-MICALL1 and MB-RAB11-FIP2 purified 
from mammalian cells. After the ubiquitination, supernatant (Sup) including E1, E2, RFFL, and HA-Ub 
is analyzed for auto-ubiquitination. The pellet containing MB-MICALL1 or MB-RAB11-FIP2 was 
washed, and their ubiquitination was analyzed by Western blotting after elution from NA-beads. (E, F) In 
vitro ubiquitination of purified MB-Rab11-FIP2 (E) or MB-MICALL1 (F) from 293MSR cells by 
recombinant RFFL was analyzed by Western blotting following the protocol shown in D. 
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ȕ6ȓ ȶĲ  
 
 ƚǾȐ*0 R˒E/ƱȻɯșDů Rab11-effector/ Ubä RFFL E3-ligase.
=')ÖŘA)@+DƑ>.%˓RFFL-DNĞǭ²0˒R\aä
ERCDŎť E˒RC>/ȏɉ/XHRSDʮĮ% 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%  ˓>. B˒ioIDǀ.=?Ɗɞ RFFLȥøČĥ+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-FIP5 E˒HD1˒MICALL1Dùī% R˓FFL-DNĞǭ²0˒A>/ȥøČĥD
gdu UbäDʮĮ@+*XHRSƱȻDǿȪ!% R˓FFL KO
0 Rab11-FIP1C/ Ubä/8Dǐĸ!% i˒n vitro.) RFFL0ȥøČĥ
É)/Rab11-effectorDǹźǵUbä@+ȃĆ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ȕ1ș RFFL-DNĞǭ².@R\aä ERCŎťÑĥƱƭ 
 
 Ŧ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 Ub äD¤)``|Ñɠ3Ķ˒peripheral quality 
control .ʬ@+ėÿ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Ğǭ²*/8˒R\aä ERC ɟĲA%+,ː2ˑRFFL-WT =?;
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member 5B) ˒KIF16B (kinesin family member 16B) ùīA%ːFig.10Eˑ˓
MYO1B0 TGN67=2 EE 68>/ʃʊDÖŘ)?˒ȿ/XHRS
.ʬ)@ 69˓MYO1E 0 ERC 3/ TfR /ʃʊ.ʬ)@ 70˓MYO6
0 Ub bindingh}HDƕ 71,72˒KD@+ Rab5DƧĀʅ.ʷȏ! 73˒EE
> ERC3/ȏɉ/ʃʊDʮĮ@ 74 K˓IF5B0 EE> RE3/ʃʊDÖŘ
)? 75˒RFFL-DN Ğǭ²*ɟĲA@=- LY /ƧĀʅ3/ĹĐäDɬĶ
@ 76˓A>/Ǽɝ=?˒RFFL0XHRSȤɼ.)A>/~
aaoRɸ+ Rab11-effctor/Ǻ´ǥDÖŘ@ôȻŞ;ȶ>A@˓ 
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;ʬ@ėÿ< 77 E˒HD1<MICALL10 E˒E> RE3/ȏɉʃʊ.@
ctǝ/ȿŎť.ʬ)? 44,78 E˒HD1=2MICALL1 KD.=? EE
+ ERC ǌĐ)7ȏɉ/ʃʊʮĮA@ėÿ@%:*@ 78˓
RFFL-DNĞǭ²;ùƮ. EED ERC.ǌĐ!@+>˒RFFL=2¥/
E3-ligase.=@ EHD1=2MICALL1/ UbäÖŘ0 E˒E> RE3/c
tǝ/ķȺŎť< EE> ERC3/Ñʹ.Ŝ˂*@+ȶ>A@˓ 
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ȕ4ș RFFLDý9 E3-ligase.=@ Rab11-effecor / UbäÖŘ 
 
 ƚǾȐ.=? R˒ab11-effctor*@ EHD1, MICALL1, Rab11-FIP1C, Rab11-FIP2
0 UbäDó@+DƑ>.%˓/ Ubä¼ˈ.=@aoRɸǳǡʤ
/Ğä0ɝ>A-'%+>˒RFFL.=@ Rab11-effctor Ubä0ÑɠÖŘ
*0-ƱȻÖŘ*@+ȶ>A@ I˓n vitro.) R˒FFL0 Rab11-effector
Dǹźǵ. Ubä@+DɦƑ%˓RFFL-DNĞǭ²0 Rab11-effector/ Ub
äDǐĸ!% R˒FFL KO.=@Ubä/ǐĸ0 EHD1 M˒ICALL1 R˒ab11-FIP2
*0ȀɫA , Rab11-FIP1C/8*ȀɫA%. Ŗ') R˒ab11-FIP1C/ Ubä
0. RFFL.=')ÖŘA˒¥/ Rab11-effector/ Ubä0 RFFLDý9¥
/ E3-ligase.=')ÖŘA)@+ȶ>A@˓#/¥/ E3-ligase/¾ɗ+
)˒BioIDǀ.=?ùīA% RFFLȥøČĥ˒RNF34 (ring finger protein 34) 
(known as CARP1: caspases-8/10 associated RING proteins 1)˒XIAP (X-linked 
inhibitor of apoptosis)˒SH3RF1 (SH3 domain containing ring finger 1)ːknown as 
POSH: Plenty of SH3sˑ˒ DTX3L (deltex E3 ubiquitin ligase 3L) ȶ>A@
ːFig.10Fˑ˓RFFL/w~S*@ RNF340 EE =2 LE.ĹĐä@ 79,80˓
Ĭʴ. RFFL RNF34 2KO ȢȺDưȒ˒TfR/XHRS.ï6ŐˀD
ƪɦ%+B˒VgȢȺ.ƹ4) 2KOȢȺ/ƋƕŢ. TfR/X
HRSDʮĮ@ȥƢŗ>A)@˓/ȥƢ=?˒RNF34  RFFL /
ƱȻDɗ')@ôȻŞōȃĆA%˓7%˒TGN.ĹĐ@ E3-ligase*
@ SH3RF10˒TGN> PM3/ GagIH\ȞaoRɸ/ʃʊDÖŘ
@ 81˓DTX3L0 EE.ĹĐ˒AIP4 E3-ligaseǄŞDɯș@ 82˓A>/Ǽɝ
=?ùī% E3-ligase0˒Rab11-effectorD Ubä˒RFFL KO.) RFFL
ƱȻDɗôȻŞȶ>A@˓ 
 
ȕ5ș Rab11-effector Ubä.=@XHRSÖŘ 
 
 Ʌāǋ+. R˒ab11-effector0 poly- and/or multiple- and/or mono-Ubäƪ
ÐA%˒#/*;ǜ. mono-UbäĠƪÐA%˓>.˒RFFL DN
Ğǭ²0 Rab11-effector/ UbäDǐĸ! #˒A0R\aä ERC.@
Rab11-effector/Ɍȏ+Ʉ%˓Mono-Ubä0ÑĥʫǺ´ǥ<ÑĥËǺ´
ǥ.ŐˀDï6+ėÿ@+> 18˒RFFL 0 Rab11-effector / Ub
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ä.=?Rab11-effectorəø²Ŏť<əø²ɠʹDƒȑʫǵ.ÖŘ)@ôȻ
Şȶ>A@˓RFFL KO 0 Rab11-FIP1C/ UbäDǐĸ!%˒TfR/
XHRS.0ŐˀDï6-'%˓˒Rab11-FIP1 KD 0 TfR /
XHRS.ŐˀDï6-+> 47,83˒Rab11-FIP1C/ƱȻ. Ubä
ʬ-+0ɡÒA-˓7%˒RFFL KO.=@ Rab11-FIP2/ Ubäǐĸ
0Ȁɫ*-'% R˒FFLʕÛǳǡ.=? Rab11-FIP2/ Ubä0Ýǵ.ěß
!% R˓ab11-FIP20 EHD1 R˒ab11-FIP1 R˒ab11-FIP5 M˒YO5B+Ǻ´ǥ˒
A>/əø²Ŏť.ʢɛ*@ 57,61,84˓Ŧ0 LC-MS/MS ɠơ.)˒
Rab11-FIP2 / MYO5B ȥø˃Ĕ 85.@ Ub äXHgDəƇùī%˓§
/+> R˒FFL0 Rab11-FIP1C< FIP2/ Ubä.=')#A>/əø²Ŏť
DÖŘ)@ôȻŞȶ>A@˓ERC 0ȗũ.ʷ)ʷ7@+*˒
REȿ.~aaoRɸ<ȢȺˌƩȥø˒âǠ= PM3/XHR
SºʑA)@ 78˓Ŗ')˒RFFL ;ùƮ.ǖȯA% ERC .)˒
əƇ/ Rab11-effector/ Ubä.=')əø²ŎťDÖŘ˒âǠ/ɇXH
RS.ɵǟ)@ôȻŞȶ>A@˓ 
 
ȕ6ș Rab11-effector UbäÖŘƱƭ/£Ŕ/ǳĺ 
 
 Ŧ0˒BioID ǀ.=? RFFL ȥøČĥ+)ȼqPcäʟȠːDUB: 
Deubiquitinating enzymesˑVCPIP1 (valosin containing protein interacting protein 1) 
(kown as VCIP135ˑ˒ USP15 (ubiquitin specific peptidase 15)˒USP43 (ubiquitin 
specific peptidase 43) Dùī%ːFig.10Fˑ˓ VCPIP10 syntaxin 5/ mono-UbD
ȼqPcä@+* S˒NAREəø²Ŏť<W[ƭʏDɯș@+
ėÿA)@ 86 U˓SP150 SQSTM1 (sequestosome 1) /ȼqPcä.=@
Kh`|/ƧĀʅ.@ĹĐäDɯș@ 87˓Ŗ')˒RFFLȥøČĥ*
@ DUB0 Rab11-effector /ȼqPcäDÖŘ˒XHRS/ƱȻ
DÖŘ@ôȻŞȶ>A@˓ 
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ȕ7ȓ ȫű  
 
 Ub0ȏɉ/KhXHgZ\˒Kh`|ʚÔƱƭDÖŘ@ʢɛ-Č
ĥ*?˒#/ÖŘƱƭ.ȏɉɂɾ/ Ubä<Kh`|ʬʐČĥ/ Ubä
ėÿA)@˓A7* Ub0 EE> LY3/Kh`|ťǚäƱƭ.ʬ
@+ƇĠėÿA)%˓7%ʇń˒EE>W[²3/ʋɒŞʃ
ʊȤɼ/˕(*@gz¸ĦǵʃʊȤɼ.@ Ub ä/ÖŘƱƭ;ė
ÿA)@ ˓ R˒ab11-effector.=@ ERCD¤%XHRSƱȻ
ÖŘƱƭ.@˒Ub/ʬ0ÉǼ>A)-˓ 
 
 ƚǾȐ*0 R˒FFL E3-ligaseǄŞäĞǭ².=')Kh`|/ɌȏŊ
ɺA@+Dǳɝ%˓#*˒#/Ɍȏ˒,/Kh`|åǪ.
ŐˀDï6/Dƪɦ%ːȕ 2 ȓˑ˓ #/ȥƢ˒EE > LE 3/ʃʊ.0
ːRFFL/Ėɸ*@∆F508-CFTRDʱ)ˑŐˀDï1-/.ĳ) E˒E
> RE=2 PM3/ʃʊ0 R˒FFL-DNĞǭ².=?R\aä ERCŎ
ťA˒ʮĮ@+Ƒ>+-'%˓ 
 
 Ƴ. R˒FFL-DNĞǭ².=@R\aä ERCŎť/Ñĥ}Nj]|ɠƑD
ɨ8%ːȕ 3 ȓˑ˓ #/ȥƢ˒RFFL .ǗĞǭDĶÈ˒E3-ligase ǄŞDǄŞ
ä@+* R˒FFL+ Rab11-effector/ȥø/ʨƗäŊɺA% 7˓%˒
RFFL-DNĞǭ².=? Rab11-effector/ UbäƕŢ.ǐĸ% §˓/+
>˒RFFL+ Rab11-effector/ȥø/ʨƗä Rab11-effector/ Ubä/ǐĸDŊ
ɺ˒R\aä ERCŎťA@/*0-+ȶ)@˓ 
 
 ƔŔ.˒RFFL-DN Ğǭ²ōď. Rab11-effector +Ǻ´ǥ%+>˒
Rab11-effector  RFFL .=') Ub äÖŘDó)@ôȻŞȶ>A%˓
#*˒RFFL.=@ Rab11-effector/ UbäÖŘDƪɦ%ːȕ 4ȓˑ˓ #/ȥ
Ƣ  ˒ RFFL KO.=') Rab11-effecor/ Rab11-FIP1C/ Ubä/8ƕŢ.ǐĸ
ȀɫA˒RFFLʕÛǳǡ*0 Rab11-FIP2/ UbäƐ˒in vitro UbäÌƭ
ťĬˋ*0˒É)/ Rab11-effector/ Ubä RFFL.=')ÌƭťA%+
>˒Rab11-effector 0 RFFL .=') Ub äÖŘDó)@+ȃĆA
%˓7% R˒FFL KO.=') Rab11-FIP1C§ğ/ Rab11-effector/ Ubäǐĸ
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-'%Ǣǧ+)0˒BioID ǀDǥ) RFFL ȥøČĥ+)ùīA%
E3-ligaseɗ')@%:*0-+ȶ)@˓ 
 
 §˒ƚǾȐ/Ǽɝ>˒RFFL DÓ:+% E3 Ub äʟȠ.=@
Rab11-effector / Ub äÖŘ0˒XHRSȤɼ.)ʽŁ.ʢɛ*@
ôȻŞˍ˓£ċ/ǾȐ.=?˒ Kh`|XHRS.@ Ub
ä/őÜ.()Ɗ%-ǼɝɝÐ!%+ȶ)@ːFig. 15ˑ˓ £Ŕ˒
Rab11-effector / Ub ä=2ȼqPcä.=@ÖŘƱƭD>.ǾȐ@
+* K˒h`|XHRS.@ Ubä/ƑȀ-őÜDƑ>.*
@+ȶ)@˓ 
 
Figure 15.  Molecular mechanisms of RFFL-mediated ubiquitination of Rab11 
effectors 
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ȕ8ȓ Ĭˋ/ʜ  
 
ȕ1ș ĬˋƛƉ 
 
ɤ.ƚǾȐ*ǥ%ĬˋƛƉDȃ˓ 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
CI-M6PR (D3V8C) Cell Signaling Technology Cat#143364 
GM130 (5G8) MBL Cat#M179-3 
EEA1 (3C10) MBL Cat#M176-3 
Lamp1 (D2D11) Cell Signaling Technology Cat#9091P 
Flag (1E6) Wako Cat#018-22381 
HA (16B12) BioLegend Cat#901515 
EGFR (6F1) MBL Cat#MI-12-1 
MICALL1 Abnova Cat#H00085377-B01P 
EHD1 abcam Cat#ab75886 
Rab11FIP1 (N1N2) GeneTex Cat#GTX117197 
Rab11FIP5 NOVUS Biologicals Cat#NBP1-57009 
V5 (6F5) Wako Cat#011-23591 
Myc (9E10) Wako Cat#017-21871 
GFP (mFX75) Wako Cat#012-22541 
RFFL SIGMA Cat#HPA019492 
GST (5A7) Wako Cat#013-21851  
Ubiquitin (FK2) Enzo Life Sciences Cot#302-06751 
Alexa Fluor® 594 AffiniPure Donkey 
Anti-Mouse IgG (H+L) 
JACKSON IMMUNO RESEARCH Cat#715-585-150 
Alexa Fluor® 647 AffiniPure Goat 
Anti-Mouse IgG (H+L)  
JACKSON IMMUNO RESEARCH Cat#115-605-146 
Alexa Fluor® 488 AffiniPure Donkey 
Anti-Mouse IgG (H+L) 
JACKSON IMMUNO RESEARCH  Cat#715-545-150 
Chemicals, Peptides, and Recombinant Proteins 
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DAPI Wako Cat#340-07971 
Alexa Fluor 647-Transferrin Thermo Fisher Cat#T23366 
TRITC–Dextran SIGMA Cat#T1162 
Biotin-EGF Thermo Fisher Cat#E3477 
Biotin Wako Cat#023-08716 
NeutrAvidin agarose Thermo Fisher Cat#29200 
Alexa Fluor 568-Streptavidin Thermo Fisher Cat#S-11226 
HRP-NeutrAvidin Thermo Fisher Cat#31001 
SuperSignal West Pico 
Chemiluminescent Substrate 
Thermo Fisher Cat#34080 
ImmunoStar Zeta Wako Cat#297-72403 
rapamycin Tokyo Chemical Industry Co., Ltd. Cat#R0097  
recombinant Ub Boston Biochem Cat#U-100H 
recombinant HA-Ub Boston Biochem Cat#U-110-01M 
Experimental Models: Cell Lines 
HeLa-ΔF508 CFTR-3HA 33 N/A 
HeLa-CFTR-3HA 33 N/A 
CFBE-teton-ΔF508 CFTR-3HA 34 N/A 
CFBE-teton-ΔF508 CFTR-3HA, 
RFFL-WT-BirA*-HA 
This paper N/A 
CFBE-teton-ΔF508 CFTR-3HA, 
RFFL-H333A-BirA*-HA 
This paper N/A 
293MSR Thermo Fisher Cat#R79507 
293MSR-RFFL KO  This paper N/A 
Recombinant DNA 
pDest-eGFP-N1 88 addgene #31796 
pDest-RFFL-GFP 34 N/A 
pDest-RFFL-∆2-44-GFP This paper N/A 
pDest-RFFL-∆2-10-GFP This paper N/A 
pDest-RFFL-∆313-363-GFP 34 N/A 
pDest-RFFL-H333A-GFP This paper N/A 
pDest-RFFL-C316A, C319A-GFP This paper N/A 
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pDest-RFFL-C5A, C6A, C10A, C316A, 
C319A-GFP 
This paper N/A 
pDest-RFFL-∆2-44, C316A, 
C319A-GFP 
This paper N/A 
pDest-RFFL-∆2-10, C316A, 
C319A-GFP 
This paper N/A 
mRFP-Rab5 38  addgene #14437 
mRFP-Rab7 38 addgene #14436 
DsRed-Rab11 89 addgene #12679 
Lamp1-RFP 90  addgene #1817 
mTagBFP2-Rab5 This paper N/A 
mCherry-Sec61 91 addgene #49155 
mCherry-TGN46 Michael Davidson, unpublished addgene #55145 
pME-mCherry-FLAG-CD59-GPI  92 addgene #50378 
pLX304-V5 93  addgene #25890 
pLX304-BirA(R118G)-HA This paper N/A 
pLX304-RFFL-BirA(R118G)-HA This paper N/A 
pLX304-RFFL-H333A-BirA(R118G)-HA This paper N/A 
pLX304-RFFL-V5 34 N/A 
pLX304-RFFL-H333A-V5 This paper N/A 
pLX304-HB 34 N/A 
pLX304-RFFL-HB 34 N/A 
pLX304-RFFL-H333A-HB 34 N/A 
pEZY-eGFP 94 addgene #18671 
pEZY-eGFP-EHD1 This paper N/A 
pEZY-eGFP-MICALL1 This paper N/A 
pEZY-eGFP-Rab11FIP1 This paper N/A 
pEZY-eGFP-Rab11FIP2 This paper N/A 
pEZY-eGFP-Rab11FIP5 This paper N/A 
EGFR-GFP  95  addgene #32751 
pDest-mCherry-N1 88 addgene #31907 
pDest-RFFL-mCherry 34 N/A 
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pDest-RFFL-H333A-mCherry This paper N/A 
pcDNA-Myc-Bio This paper N/A 
pcDNA-Myc-Bio-EHD1 This paper N/A 
pcDNA-Myc-Bio-MICALL1 This paper N/A 
pcDNA-Myc-Bio-Rab11FIP1 This paper N/A 
pcDNA-Myc-Bio-Rab11FIP2 This paper N/A 
pcDNA-Myc-Bio-Rab11FIP5 This paper N/A 
YFP-tagged FRB (YR) 52 addgene #20148 
pDest-EHD1-FRB-GFP This paper N/A 
pDest-Rab11-FIP1C-FRB-GFP This paper N/A 
pDestRab11-FIP5-FRB-GFP This paper N/A 
pEZY-GFP-FRB-MICALL This paper N/A 
CFP-FKBP (CF) 52 addgene #20160 
pDest-RFFL-FKBP-mCherry This paper N/A 
pcDNA3.1(-) HA-Ub This paper N/A 
pcDNA3.1 (-) HA-Ub K0 This paper N/A 
GST-EHD1 This paper N/A 
GST-Rab11-FIP1C This paper N/A 
His-Ube1/PET21d 96 addgene #34965 
His6-sumo-UbcH5c 34 N/A 
His6-sumo-RFFL 34 N/A 
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ȕ2ș ĬˋƋǀ  
 
ȕ1ˁ ȢȺĕˉǀ 
 
 GripTite 293 MSR cells (293MSR, ThermoFisher) + RFFL KO 293MSR cells0
DMEM (Wako: Cat#4330085) . 10% FBSːSIGMA: Cat#F7524ˑ˒ 500 μg/ml G418
ːWako: Cat#077-06433ˑ˒Penicillinː 100 units/ml -ˑStreptomtcinː 100 μg/ml (ˑWako: 
Cat#16823191)DǍß%;/DȢȺĕˉǓǊ+)ǥ%. 
 WT-CFTR-3HA (HeLa-CFTR) =2 F508-CFTR-3HA (HeLa-F508) ĩī
ˍǳǡ HeLa cells 0 DMEM . 10% FBS˒ 2 μg/ml puromycinː Sigma: 
Cat#P9620-10MLˑ˒ 100 units/ml Penicillin-100 μg/ml StreptomtcinDǍß%;/
DȢȺĕˉǓǊ+)ǥ%. 
 RFFL-BirA*-HA =2 RFFL-H333A-BirA*-HA ĩīˍǳǡ CFBE41o- cells 0
MEM (Wako: Cat#5107615) . 10% FBS, 200 μg/ml G418, 3 μg/ml puromycin, 10 
μg/ml blasticidinːȉǾɘɍƦŉªȅ Cat#KK-400ˑDǍß%;/DȢȺĕˉǓ
Ǌ+)ǥ%. ĕˉǷ0 10 μg/ml Fibronectin (Wako: Cat#6305591)DVeG
Sĕˉ%˓ 
 -˒4)/ȢȺĕˉ.@ĕˉǷ0 10 cm dish (Thermo Fisher: 
Cat#172958)D¶ǥ%˓ 
 
ȕ2ˁ ʛ«ĥĶÈǀ 
 
 ƚǾȐ*0, Polyethylenimine (PEI) Max (Polysciences Inc, Warrington, PA) Dǥ
%ysJRZǀ.=?ʛ«ĥĶÈDɒ'% P˓lasmid 1 μg.ĳ 1μg /μl
/ PEI ǓǊ 3 μlǥ%. 7 ǘɑǎĕđ (Opti-MEM). PEIDß 20ÑʫĭǑ
*ðŝ!% (Sol A). #/ŔǸǵʛ«ĥD Sol A.ß>.ĭǑ* 20Ñʫð
ŝ!%  (Sol B). ȢȺD 60-80% confluent 7*ĕˉ ,  ǘɑǎĕđ 
(Opti-MEM).ȱŻ%. #.Sol BDǔ, 37°C 5% CO2* 24-48ƒʫĕˉ
%. 
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ȕ3ˁ ÆǮɏÅƣɈǀ 
 
 NnS\ː Ơǆ: Cat#83-0200 ˑ.ĕˉ%ȢȺ>ĕˉǊDʱ, PBS (-) 
* 2ċȢȺDǃǅ, 4% paraformaldehyde in PBS (-) D 1mlß, ĭǑ* 20Ñʫ
ʼȱ, ȢȺDďī%. #/Ŕ 0˒.1% Triton-X100 in PBS (-) D 1mlß, ĭǑ
* 5Ñʫʼȱ, ȢȺDȿʌʕ%. PBS (-) 3ċǃǅ, 0.5% BSA in PBS (-) 
(BSA-PBS) D 1ml ß, ĭǑ* 30 Ñʫʼȱ, ȢȺDtdPS%. #/
Ŕ, BSA-PBS *ŀʡ%ƳŬ²Dǥ)ĭǑ, 1ƒʫ ƳŬ²ðŝDɒ'%. 
ƳŬ²ðŝŔ, PBS (-) * 3ċǃǅ, BSA-PBS*ŀʡ%ƳŬ²Dǥ)
ĭǑ* 1ƒʫ, ƳŬ²ðŝDɒ'%. ƳŬ²ðŝŔ, ȢȺD PBS (-) * 3ċ
ǃǅ, PBS (-) * 5000½ŀʡ%DAPID 500 μlß, PBS (-) * 3ċǃǅŔ, Ȣ
ȺD VECTASHIELD mounting medium (VECTOR Laboratories) =2 ProLong 
Diamond Antifade Mountant (Thermo Fisher) Dǥ)ĴÈ, ÊǙǗYˆ
Śʧ.=?ȢȺDɟĲ%. 
 Lamp1, CI-M6PR, Rab11-FIP1, Rab11-FIP50 0.1% saponinD 1mlß˒ĭǑ*
15Ñʫʼȱ, ȢȺDȿʌʕ%. EHD10 0.2% saponinD 1mlß˒ĭǑ* 15
Ñʫʼȱ, ȢȺDȿʌʕ%. 
 MOkzN*@˒mRFP-Rab5 (addgene #14437), mRFP-Rab7 
(addgene #14436), DsRed-Rab11 (addgene #12679), mCherry-TGN46 (addgene 
#55145), Lamp1-RFP (addgene #1817), mCherry-Sec61 (addgene #49155) 0 PEI Max
Dǥ)ʛ«ĥĶÈ%. 
 ĳǛ] HC PL APO 63X/NA 1.40Dɕǻ%˒ÊǙǗˆŚʧ (SP8, Leica) 
Dǥ˒ɟĲDɒ'%˓ǪÂÏǢ0 Photoshop CS6 (Adobe) Dǥ%˓ÊĹĐɠ
ơːPearson’s correlation coefficient =2 Mander’s correlation coefficientˑ0
Volocity 5 (PerkinElmer) Dǥ%. 
 ɻɠÂņä/ǪÂ/òŗ0˒ÊǙǗˆŚʧ  (SP8, Leica) .ſʁA%
HyVolutionZ\e| (Leica Microsystems) Dǥ%˓x-y-zǪÂòŗ0˒0.5 Airy 
unit pinhole, voxel sizes 43 nm/pixel (x, yaxes), 130 nm/pixel (zaxis) .ɥīDɒ
'%˓7%˒Huygens Essential software (Scientific Volume Image, Hilversum, The 
Netherlands)Dǥ)fVxZ%.-˒ɻɠÂņǪÂòŗ.
)0 No.1SmHg\NnS\ːƠǆ: Cat#CS00802ˑD¶ǥ%˓ 
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ÆǮɏÅƣɈǀ.ǥ%Ŭ²/ŀʡ½ǠDɤ.ȃ˓ 
 
Ŭ²  ŀʡ½Ǡ  
CI-M6PR (D3V8C) 1:400 
GM130 (5G8) 1:200 
EEA1 (3C10) 1:500 
Lamp1 (D2D11) 1:200 
Flag (1E6) 1:500 
HA (16B12) 1:500 
EGFR (6F1) 1:100 
MICALL1 1:500 
EHD1 1:500 
Rab11FIP1 (N1N2) 1:500 
Rab11FIP5 1:500 
Alexa Fluor® 594 AffiniPure Donkey Anti-Mouse IgG (H+L) 1:500 
Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgG (H+L) 1:500 
Alexa Fluor® 488 AffiniPure Donkey Anti-Mouse IgG (H+L) 1:500 
DAPI 1:5000 
Alexa Fluor 568-Streptavidin 1:2000 
 
ȕ4ˁ Transferrin uptake assay 
 
 HeLa-∆F508 cells D serum-free medium.) 45Ñʫ 37C.)HPvg
Ŕ˒25  g/ml Alexa Fluor 647-Tf (Thermo Fisher) DǍß% pre-warmed medium
.) 2.5ƒʫ 37C.)HPvg%˓HPvgŔ˒PBS.)˖ċ
ȢȺDǃǅ f˒ull medium.)÷ƒʫ 37C.)HPvg% Ȣ˓ȺDďī
äŔ˒ÊǙǗˆŚʧ (SP8, Leica) Dǥ˒ɟĲDɒ'%˓ 
 
ȕ5ˁ Time-lapse imaging of TfR recycling 
 
 HeLa-∆F508 cells D serum-free medium.) 45Ñʫ 37C.)HPvg
Ŕ˒25  g/ml Alexa Fluor 647-Tf (Thermo Fisher) DǍß% pre-warmed medium
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.) 2.5ƒʫ 37C.)HPvg˒PBS.)ȢȺDǃǅŔ˒full medium
.) 1ƒʫ 37C.)HPvg%ː T-0ˑ˓#/Ŕ N˒aKH solution (140 mM 
NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, 1 mM CaCl2, 0.1 mM MgCl2, pH 
7.3) .ǈ˒37°C.) Time-lapse imagingD˕ƒʫɒ'%˓Time-lapse imaging
0ĳǛ] HC PL APO 63X/NA 1.40Dɕǻ%ÊǙǗˆŚʧ (SP8, Leica) D
ǥ%˓z-section 0 2 Ñ.òŗ%˓ȢȺË.ò?ʆ7A% Alexa Fluor 
647-Tf/ fluorescence intensities0LAS X softwareDǥ)òŗ M˒icrosoft Excel
Dǥ)ɠơ%˓ 
 
ȕ6ˁ CFTR uptake assay 
 
 HeLa-CFTR=2 HeLa-F508 cells D anti-HA antibody (16B12, BioLegend) 
DǍß% pre-warmed medium.) 2.5ƒʫ 37˚C*HPvgːT-0ˑ˒
PBS.)ȢȺDǃǅŔ˒full medium.)÷ƒʫ 37C.)HPvg%˓
ȢȺDďīäŔ˒0.1% Triton-X100 in PBS (-) .)ȿʌʕ˒Alexa Fluor 
594-conjugated anti-mouse IgG (Thermo Fisher) . ) ƣ Ɉ  % ˓ Rescued 
ΔF508-CFTR/ƣɈ0 anti-HA antibodyðŝÙ. 26°C* 36-48ƒʫHPv
g%˓ɟĲ0ÊǙǗˆŚʧ (SP8, Leica) D¶ǥ%˓ 
 
 
ȕ7ˁ CD59 uptake assay 
 
 CD59-Flag (addgene #50378) D HeLa-F508 cells.ʛ«ĥĶÈ˒BSA-PBS 
.)tdPSŔ˒anti-Flag antibody (1E6, Wako) in BSA-PBSD 1ƒʫ 4˚C*
HPvg%ːT-0ˑ˓ PBS.)ȢȺDǃǅŔ˒full medium.)÷ƒʫ 37
C.)HPvg%˓ȢȺDďīäŔ 0˒.1% Triton-X100 in PBS (-) .)
ȿʌʕ˒Alexa Fluor. 647-conjugated anti-mouse IgG (Thermo Fisher) .)ƣɈ
%˓ 
 
ȕ8ˁ Dextran uptake assay 
 
 HeLa-∆F508 cells D 1 mg/ml TRITC-Dextran (Sigma) DǍß% pre-warmed 
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medium.) 1ƒʫ 37˚C*HPvgː T-0ˑ˒ PBS.)ȢȺDǃǅŔ f˒ull 
medium.) 3ƒʫ 37C.)HPvg% Ȣ˓ȺDďīäŔ 0˒.1% saponin
.)ȿʌʕ˒Dextrant + LY MOkzN+/ÊĹĐɠơ/%:
anti-Lamp1 (D2D11, Cell Signaling Technology) antibodyDǥÆǮƣɈ% ɟ˓Ĳ
0ÊǙǗˆŚʧ (SP8, Leica) D¶ǥ%˓ 
 
ȕ9ˁ EGF uptake assay 
 
 HeLa-∆F508 cells D serum-free medium.) overnight 37C.)HPv
gŔ 1˒0 1˒00 ng/ml EGF (PeproTech) =2 200 ng/ml EGF-Biotin (ThermoFisher) 
and streptavidin-Alexa Fluor 594 complex DǍß% pre-warmed medium.)÷ƒ
ʫ 37C .)HPvg%˓ÆǮƣɈ.@ EGFR 0 anti-EGFR (6F1, 
MBL) Dǥ% E˓GF+MOkzN+/ÊĹĐɠơ0 anti-EEA1 (3C10, 
MBL) =2 anti-Lamp1 (D2D11, Cell Signaling Technology) antibodyDǥ%˓
Lamp1 ƣɈ0 0.1% saponin .)ȿʌʕDɒ'%˓ɟĲ0ÊǙǗˆŚʧ (SP8, 
Leica) D¶ǥ%˓ 
 
ȕ10ˁ Pull-down assay 
 
 293MSR cellsD 10 cm dish (Thermo Fisher: Cat# 172958) . 60 % confluent.-
@=ƀȍ˒RFFL=2 Rab11 effectorsD transfection%˓Transfection
> 40ƒʫ§Ȥʕ%Ŕ˒1 ml/Mild lysis buffer (150 mM NaCl, 20 mM Tris, 
0.1% NP-40, pH 8.0, supplemented with 1 mM PMSF, 5 μg/ml leupeptin and pepstatin) 
.)ôǓä 6˒0 μl/ NeutrAvidin agarose (Thermo Fisher) .) 2ƒʫ 4°C*H
Pvg%. #/Ŕ 5˒00 μl/Mild lysis buffer.) 4ċWashŔ 1˒0% 
-mercaptoethanol+ 3 mM biotinDǍß% 100 μl 2X Laemmli sample buffer.)
10Ñʫ98CHPvgElution% ʘ˓śŔː 6000 rpm, 1Ñʫˑ˒supernatant
D SDS-PAGEï2Western blottingǀ.ǥ%˓ 
 
ȕ11ˁ Western blotting 
 
 Western blotting ǀ0Łǀ.Ŗ'%. -, §.#/ƋǀDȃ. 7 , ȢȺ
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>, Lysis bufferDǥ), cell lysateDċñ, BCAǀ.=?aoRīʤDɒ
, ÷Xu/aoRʤDī.%. ÷Xu.() SDS-PAGE D
ɒ'%Ŕ, jg^\ȿ.ɿÍ (100 V, 2 h) %. ɿÍ%jg^
\ȿ0 5% \P|{R* 30Ñ˙1ƒʫ ĭǑ*tdPSDɒ'%. 0.1 % 
PBS-Tween *ǃǅŔ, PBS-Tween *ŀʡ%ƳŬ²Dǥ), ĭǑ 1 ƒʫ, 
ƳŬ²ðŝDɒ'%˓ƳŬ²ðŝŔ˒jg^\ȿDǃǅ, 0.1 % 
PBS-Tween *ŀʡ%ƳŬ²Dǥ), ĭǑ 1 ƒʫ, ƳŬ²ðŝDɒ'%. 
2 ƳŬ²ðŝȣŔ, jg^\ȿDǃǅ, Chemiluminescence solution 
A 500 μl+ Chemiluminescence solution B 500 μl (/1}t) [ImmunoStar Zeta 
(Wako)] Dǌ" , Ǎß , jg^\ȿDǈ%Ŕ , äħǳÅD 
LAS-4000miniPR (FUJIFILM)  *ƪÐ%. 
 qMcäaoRɸ/ƪÐ.)˒tdPS=2 HRP-streptavidin
/ŀʡ0 2.5ˏ BSA in PBS-TweenDǥ%˓ 
 
Western blotting.ǥ%Ŭ²/ŀʡ½ǠDɤ.ȃ˓ 
 
Ŭ²ú  ŀʡ½Ǡ  
V5 (6F5) 1:1000 
Myc (9E10) 1:1000 
GFP (mFX75) 1:1000 
HA (16B12) 1:1000 
RFFL 1:200 (Canget) 
GST 1:1000 
Ub (FK2) 1:200 (Canget) 
HRP-NeutrAvidin 1:5000 
 
ȕ12ˁ In cell Ubiquitin assay 
 
 293MSR cellsD 10 cm dish (Thermo Fisher: Cat# 172958) . 60 % confluent.-
@=ƀȍ˒HA-Ub, RFFL-V5 =2 Myc-Bio (MB)-EHD1, MB-MICALL1, 
MB-Rab11-FIP1C, MB-Rab11-FIP2, MB-Rab11-FIP5D transfectionŔ 5˒00 μl/ lysis 
buffer (20 mM Tris-HCl pH7.4, 150 mM NaCl, 1% SDS, 1 mM EDTA) .)ȢȺDô
  
 
63 
ǓäŔ˒10Ñʫ 98˚C.)xH%˓cell lysatesD 27-gauge needle.Ƈċʍ
+*ȜņDǐĸ!%˓1.5 ml / 1.33% Triton-X100 bufferDǥ)˒SDS/
ǖņD 0.25%.-@=ŀʡ˒60 μl/ NeutrAvidin agarose (Thermo Fisher) D 
overnight  4°C*HPvg%. #/Ŕ  ˒ 2 M ureaDǍß% RIPA buffer
500 μl.) 5ċWashŔ˒10% -mercaptoethanol+ 3 mM biotinDǍß% 2X 
Laemmli sample buffer 100 μl.) 10Ñʫ 98CHPvg Elution%˓
ʘśŔː6000 rpm, 1Ñʫˑ˒ supernatantD SDS-PAGEï2Western blottingǀ.
ǥ%˓ 
 
ȕ13ˁ CID assay 
 
 HeLa-CFTR  = 2 HeLa-  F508 cells . YFP-FRB, EHD1-FRB-GFP, 
GFP-FRB-MICALL1, Rab11-FIP1C-FRB-GFP, Rab11-FIP2-FRB-GFP, 
Rab11-FIP5-FRB-GFP, CFP-FKBP, RFFL-FKBP-mCherryDʛ«ĥĶÈŔ˒500 nM 
Rapamycin DǍß% medium D 5 Ñʫ 37˚C .)HPvg%˓full 
medium .ĞƓ 16 ƒʫ 37C .)HPvg˒ďīäÊǙǗˆŚʧ 
(SP8, Leica) .)ɟĲ%˓ 
 
ȕ14ˁ Cellular localization analysis of biotinylated proteins 
 
 RFFL-BirA*-HA=2RFFL-H333A-BirA*-HAĩīˍǳǡCFBE41o- cellsD 50 
μM biotinDǍß% medium.) overnight 37˚C*HPvg% Ȣ˓Ⱥď
īäŔ˒0.1% Triton-X100 in PBS (-) Dǥȿʌʕ%. #/Ŕ˒Alexa Fluor 
568-conjugated streptavidin (Invitrogen) =2 anti-HA antibody˒Alexa Fluor 
488-conjugated secondary antibodyDǥ)ƣɈ%˓ɟĲ0ÊǙǗˆŚʧ (SP8, 
Leica) D¶ǥ%˓ 
 
ȕ15ˁ BioID assay 
 
 RFFL-BirA*-HA =2 RFFL-H333A-BirA*-HA ĩīˍǳǡ CFBE41o- cells D
FibronectinVg% 10 cm dish.ƀȍ˒50 μM biotinDǍß% medium.
) overnight 37˚C*HPvg% 1˓ ml/RIPA buffer (20 mM Tris, 150 mM 
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NaCl, 0.1 % SDS, 1 % Triton-X100, 0.5 % Sodium Deoxycholate).)ȢȺDôǓä
Ŕ˒50 μl/ NeutrAvidin agarose (Thermo Fisher) .) overnight  4°C*HP
vg% #˓/Ŕ 1˒ ml /Wash buffer 1 (1% SDS) * 2ċ 1˒ ml /Wash buffer 
2 (0.1% deoxycholic acid, 1% Triton-X100, 1m M EDTA, 500 mM NaCl, 50 mM 
HEPES) , 1 ml /Wash buffer 3 (0.5% deoxycholic acid, 0.5% NP-40, 1mM EDTA, 
250 mM LiCl, 10 mM Tris-HCl pH7.4) *˕ċWashŔ 5˒0 μl / 2X Laemmli sample 
buffer (containing 10% β-mercaptoethanol) .) 10 Ñʫ 98C HPvg
Elution% ʘ˓śŔː 6000 rpm, 1Ñʫˑ˒supernatantD SDS-PAGE W˒estern blotting
ǀï2 Silver stainǀ.ǥ%˓ 
 
ȕ16ˁ Silver stain 
 
 Silver stain0 EzStain Silver (ATTO: AE-1360) D¶ǥ%˓ʻƻǁã%U
D 100 ml/ďīǊːɋǫƼ˘40 ml + }al˘50 ml + ʞʠ˘10 ml + S-1Ǔ
Ǌ˘1 mlˑ.ǈ˒overnight*ŵ+%˓ďīǊDŷ)˒100 ml/ 30%}a
l* 2 ċ 10 Ñʫǈʌ˒ɋǫƼ*˕ċ 10 Ñʫǈʌ%˓ɋǫƼDŷ)˒
100 ml/ƣɈǊːɋǫƼ˘100 ml + S-2ǓǊ˘1 mlˑDß˒10Ñʫǈʌ%˓
ƣɈǊDŷ) 1˒00 ml/ɋǫƼDß 3˒0Ȋʫǈʌ% ɋ˓ǫƼDŷ) 1˒00 ml
/ǳɈǊːɋǫƼ˘200 ml + S-3ǓǊ˘1 ml + S-4ǓǊ˘1 mlˑDß˒30Ȋʫ
ǈʌ%˓ƔÓ/ǳɈǊDŷ)˒ƶ?/ǳɈǊ 100 mlDß˒ʙÒ-ƣɈÂ.
-@ĸÙ7*ǈʌ% ǳ˓ɈǊDŷ) 1˒00 ml/¿ƴǊː ɋǫƼ 1˘00 ml + ʞ
ʠ˘1 mlˑDß˒10Ñʫǈʌ%˓¿ƴǊDŷ)˒100 ml/ɋǫƼDß˒5
Ñʫǈʌ%˓ 
 
ȕ17ˁ Establishment of RFFL KO cells by CRISPR/CAS9 system 
 
 RFFL ʛ«ĥŇ.@ guide RNA (gRNA)/ɥɢ0 CRISPRdirect 
(https://crispr.dbcls.jp/)˓Dǥ%˓ 20-bp guide sequence RFFL gRNA #1 
(5’-GGCTCCGAACACTTCTTAAT-3’) =2 RFFL gRNA #2 (5’-CACAATGCT 
TAGAATGTCGT-3’) D pSpCas9(BB)-2A-Puro (PX459) V2.0 (addgene #62988) .
BbsI restriction enzyme siteDǥ)ŶÈ˒RFFL sgRNA expression vectorsD´
ɘ% R˓FFL KO 293MSR cells0 2˒93MSR cells .2(/RFFL sgRNA expression 
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vectorsD co-transfection˒ȴƎ 3  g/ml puromycin .)˕Ǝ^RZŔ 1˒ 
cellD96 well plate/1 well.ƀȍê/RDòŗưȒ% R˓FFL KO
0Western blottingǀ=2DNAZT\.=?Ȁɫ% Z˓T\0RFFL
ʛ«ĥŇD PCR (FW primer (5’-GTCCCCAGTACCTGCATTTGATATG-3’), RV 
primer (5’-GGGAGGGTGCACACCTAGACACCAT-3’)) .)ěł˒PCR product
D pMD20-T.Mighty TA-cloning Kit (Takara Bio) Dǥ)ŶÈ˒ZT\
ɠơDɒ'%˓ 
 
ȕ18ˁ TfR recycling assay 
 
 293MSR (WT) =2 RFFL KO cells D 24 well plate .ƀȍ˒serum-free 
medium.) 45Ñʫ 37C.)HPvgŔ 2˒5 μg/ml Transferrin Biotin-XX 
conjugate (Tf-Biotin, Thermo Fisher) DǍß% pre-warmed medium.) 2.5ƒʫ
37C.)HPvgːT-0ˑ˒ PBS.)ȢȺDǃǅŔ˒full medium.) 4
ƒʫ 37C.)HPvg%ː T-4ˑ˓ ȢȺDďīäŔ 0˒.1% Triton-X100 in 
PBS (-) .)ȿʌʕ 0˒.5% BSA-PBS.)tdPSDɒ H˒RP-NeutrAvidin 
(Thermo Fisher) in 0.5% BSA-PBSD 1ƒʫĭǑ*HPvg% P˓BS.)
ȢȺD 6ċǃǅŔ˒Amplex Red (Thermo Fisher) D 20ÑʫĭǑ*ðŝ! HRP
ǄŞD plate reader (Varioskan, Thermo Fisher) .)ǒī%ː544-nm excitation, 
590-nm emission wavelengthsˑ˓   
 
ȕ19ˁ Protein purification 
 
 His6-E1 (UBE1, addgene #34965), His6-sumo-UbcH5c, His6-sumo-RFFL, 
GST-EHD1, and GST-Rab11-FIP1C0 BL21 rosetta2 E. coli strain (Merck Millipore)
Dǥ)ǳǡ!%˓E. coli0 1 mg/ml lysozymeD on ice* 30ÑʫHPv
gŔ˒sonication DɒôǓä%˓His-tagged proteins =2 GST-tagged 
proteins0 Ni-affinity=2 Glutathione-affinityDǥ)ȝɘ%˓ 
 
ȕ20ˁ In vitro ubiquitination assay 
 
 ȝɘ% GST-EHD1 (1.5  g) 0 0.2  M His6-E1, 4  M His6-sumo-UbcH5c, 2  M 
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His6-sumo-RFFL, 20  M Ub +Ê. 45  l/ reaction buffer (20 mM HEPES pH 7.5, 
50 mM NaCl, 5 mM MgCl2, 2.5 mM ATP, 2 mM DTT, and 20  M MG-132) +ǌ"˒
2ƒʫ 37°C*ðŝ!%˓ðŝŔ 5  lDWestern blottingǀDǥ) RFFL/
qPcʟȠǄŞDȀɫ% ƶ˓?/Xuː 40  l ˑ> Glutathione Sepharose 
4B (GE Healthcare Life Sciences) Dǥ) GST-EHD1Dȝɘ˒ȝɘ% EHD1
/ Ub äD Western blotting ǀDǥ) anti-Ub antibody .)ƪÐ%˓
Rab11-FIP1C / Ubä0 G˒ST-Rab11-FIP1C (2  g) D Glutathione Sepharose 4B.
ďīäŔ˒0.2  M His6-E1, 4  M His6-sumo-UbcH5c, 2  M His6-sumo-RFFL, 20  M 
Ub 20  l/ reaction buffer+ǌ" 2˒ƒʫ 37°C*ðŝ% ð˓ŝŔ ˒ǎDWestern 
blotting ǀDǥ) RFFL /qPcʟȠǄŞDȀɫ%˓Glutathione 
Sepharose 4B> GST-Rab11-FIP1CDǓÐŔ Ǔ˒Ð% GST-Rab11-FIP1C/ Ub
äDWestern blottingǀDǥ) anti-Ub antibody.)ƪÐ%˓ 
 
 MICALL1 =2 Rab11-FIP2 0˒MB-MICALL1 =2 MB-Rab11-FIP2 D
transfection% 293MSR cellsD mild lysis buffer (150 mM NaCl, 20 mM Tris, 0.1% 
NP-40, pH 8.0, supplemented with 1 mM PMSF, 5 μg/ml leupeptin and pepstatin) .)
ôǓä˒NeutrAvidin agarose (Thermo Fisher) .) 2ƒʫ 4°C*HPv
gȝɘ% #˓/Ŕ m˒ild lysis buffer.) 4ċ agarose beadsDǃǅŔ a˒garose 
beads.ȥøȝɘA%MB-MICALL1=2MB-Rab11-FIP2+0.2 μM His6-E1, 
4 μM His6-sumo-UbcH5c, 4 μM His6-sumo-RFFL, 20 μM HA-Ub (BostonBiochem) 
D reaction buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 5 mM MgCl2, 2.5 mM ATP, 2 
mM DTT, 20 μM MG-132) +ǌ" 2ƒʫ 37°C*ðŝ% ð˓ŝŔ ˒ǎDWestern 
blottingǀDǥ)RFFL/qPcʟȠǄŞDȀɫ% A˓garose beadsDmild 
lysis buffer.)3ċ 1˒% SDS buffer*3ċ h˒igh salt buffer (20 mM Tris-HCl, pH 7.4, 
0.5 M NaCl) * 3ċ 2˒ M urea in RIPA buffer.) 2ċǃǅ% ǃ˓ǅ0É) 37˚C
.) 5 Ñʫ mixing shaker Dǥ)ɒ'%˓Wash Ŕ˒MB-MICALL1 =2
MB-Rab11-FIP2 / Ubä0˒10% -mercaptoethanol+ 3 mM biotinDǍß%
2X Laemmli sample buffer.) 10Ñʫ 98CHPvgǓÐ˒Western 
blottingǀDǥ) anti-HA antibody.)ƪÐ%˓ 
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ȕ21ˁ Statistical analysis 
 
 īʤǵfa0É)ǞȒ%ĬˋD 2 ċ§Ȱ?ʈɒ˒faDŃĒ   
SEM *ȃ)@˓ȦɢǵƕŢĿ0 Excel software (Microsoft) Dǥ)˒
two-tailed paired Student’s t-test.=')ɧ¹%˓ 
 
ȕ22ˁ Transmission electron microscopy (TEM) 
 
 TEM 0ÊùǾȐÄ Ʀŉªȅ ƟǇʻĥˆŚʧɠơ ĽƜ ȇ ëĝ.ɒ')
%&%˓ 
 
ȕ23ˁ Scanning electron microscopy (SEM) 
 
 SEM0ÊùǾȐÄ ƏĽæȉġħ Ǩɶ ġʂ ÎƆŸ˒ˎ ÇĻġħ ± ȹ á
Ɔ.ɒ')%&%˓ 
 
ȕ24ˁ Liquid chromatography coupled to tandem mass spectrometry 
 
 EHD1, MICALL1, Rab11-FIP1C, Rab11-FIP2 / Ub äXHg/ùī.@
LC-MS/MS ɠơ0 Ɵľƫġħ ʘɎ ŏØ ëĝ, Ȇļ »Ƒ áƆ, ˊǦ ʶ 
ƆŸ.ɒ')%&%˓ 
 BioID assay RFFLȥøČĥùī.@ LC-MS/MSɠơ0 ǢǾ CLST Ľ 
Aĥ ëĝ.ɒ')%&%˓ 
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ɲʄ  
 
ȎDȣ@.%?, ȣģŘųĶ+ŘʿƁDɷ?, ƚȎ´ť.%? Ġġ-@
ŘƆȃ, ŘŽáDŧ7% ʬɚħʰġħ Ǣľħʜ Ǥăæäħȉ ƾțǦ 
öÎƆŸ.ś>ìţɲ/ŢDɓ7.  
 
ƚǾȐ.ʴ˒ŘųĶ+ŘƥʭDɷ?7% ʬɚħʰġħǢľħʜ Ǥăæä
ħȉ ȆǦ  ¤áƆ.ś>ţɲ/ŢDɓ7˓ 
 
ƚǾȐ.ʴ, ŘųĶ+ʿƁDɷ?, Ġ/ʾ*ɩ.-?7% 
ʬɚħʰġħǢľħʜ Ǥăæäħȉ Ǉȵí õưƈƆŸ 
ʬɚħʰġħǢľħʜ Ǥăæäħȉ Ń ǂŃƆŸ.ìŘȄǩ7
. 
 
ƚǾȐ.ʴ, ʌʕēʻĥˆŚʧɟĲ.)Ġġ-éÞD%&7%
Ʀŉªȅ ƟǇʻĥˆŚʧɠơ ĽƜ ȇ ëĝ.ǋɲ%7. 
 
ƚǾȐ.ʴ, ɹƤēʻĥˆŚʧɟĲ.)Ġġ-éÞD%&7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